1. Introduction
===============

The two fundamental cellular activities in gene expression are transcription and translation (TX--TL). It is well appreciated that these two events play central roles in regulating cellular functions and determining cell fate ([@ysy005-B1]). Although TX--TL have been studied extensively in recent years ([@ysy005-B2]), simultaneous detection of mRNA and protein expression is still challenging. Recently, single molecule techniques have been applied in living cells that use multiepitope tags and fluorescently labeled antibodies or protein probes to track TX--TL in real-time ([@ysy005-B5], [@ysy005-B6]). These approaches rely on the concentration of fluorescence from a diffuse background into individual puncta, and mRNAs are monitored by MS2 stem loops that limit the potential for multiplexing. In recent years, the emergence of cell-free synthetic biology has opened up opportunities for studying complex cellular activities *in vitro*, i.e. TX--TL ([@ysy005-B7]). This powerful technology allows biological networks to be engineered in a more controllable and less complex environment, which allows rapid prototyping of newly designed gene circuits before implementing them in living cells. Meanwhile, cell-free expression (CFE) systems have been developed over the last few decades and have become a versatile tool to study *in vitro* reactions. Numerous platforms are now commercially available or can be readily prepared in laboratories ([@ysy005-B10]). For example, Shin and Noireaux have established an *Escherichia coli* CFE system using endogenous sigma factors for rapid testing of synthetic gene circuits ([@ysy005-B10], [@ysy005-B11]). PURExpress (New England Biolabs) and Expressway (Thermo Fisher Scientific) are two commercialized CFE systems. The dynamics and behaviors of gene circuits, including multistage cascades, gates, oscillators and negative feedback loops have been investigated using an *E. coli*-based protein synthesis system ([@ysy005-B10], [@ysy005-B14]). Moreover, vesicles containing *E. coli*-based cell-free reactions have been established as an artificial cell platform ([@ysy005-B15], [@ysy005-B16]). In contrast to *E. coli*-based systems, mammalian CFE systems present greater complexity and are less well-understood; however, mammalian CFE systems have increasingly gained researchers' interests due to their ability to carry out post- and co-translational modifications ([@ysy005-B17], [@ysy005-B18]). A HeLa-based CFE system was developed by the Imataka group and implemented in our group for the construction of artificial cells ([@ysy005-B19], [@ysy005-B20]). In this system, HeLa-based lysate is supplemented with a translation regulator to enhance the efficiency of translation and uses T7 RNA polymerase for transcription. This versatile mammalian CFE system has been utilized to express both soluble and membrane proteins in double emulsion templated vesicles ([@ysy005-B17]).

In CFE systems, dynamics of mRNA and protein synthesis are key parameters that are needed to optimize the performance of gene circuits. Thus, it is important to track TX--TL dynamics to acquire temporal information of synthesized mRNA and protein. It has been shown that synthesized protein can be detected by the use of fluorescent reporter protein ([@ysy005-B11], [@ysy005-B19], [@ysy005-B21], [@ysy005-B22]). For RNA, spinach and broccoli aptamers were recently developed to monitor RNA activities in *E. coli*-based CFE, bacteria and mammalian cells ([@ysy005-B23]). These RNA aptamers can bind to certain small organic dyes whose fluorescence is switched on in the presence of the RNA aptamer. An alternative approach for mRNA detection is the usage of locked nucleic acid (LNA) probes which are designed to bind specific target sequences, instead of using a genetically encoded RNA aptamer that is fused to RNA of interest. LNA probes have been demonstrated for spatiotemporal mRNA or microRNA detection at the single-cell level and were also applied to mRNA profiling in native tissue ([@ysy005-B27]). Furthermore, simultaneous detection of mRNA and protein expression in non-mammalian CFE systems have been reported by several groups. Niederholtmeyer *et al.* ([@ysy005-B30]) have developed a binary probe to monitor mRNA dynamics in a *E. coli*-based CFE, and van Nies and Danelon have demonstrated tracking of mRNA and protein synthesis dynamics by inserting a spinach aptamer into the 3′-UTR of YFP in a minimal CFE system ([@ysy005-B31], [@ysy005-B32]). However, previous monitoring of TX--TL dynamics was mainly performed in bulk in *E. coli*-based cell-free systems. Although Danelon and colleagues have applied their mRNA detection system in liposome-confined reactions ([@ysy005-B31]), temporal dynamics of mRNA and protein expression were not investigated. Simultaneous detection of mRNA and protein dynamics in mammalian CFE systems in bulk and in encapsulated microenvironments have not been reported to date.

In this work, we developed an LNA probe for real-time detection of transcription and simultaneously monitored translation dynamics in a mammalian CFE system in bulk and in cell-sized single-emulsion droplets. A HeLa-based CFE system was prepared in-house, and this has been used in our group for several applications ([@ysy005-B20], [@ysy005-B33]). An LNA probe was designed to detect the mRNA sequence of green fluorescent protein (GFP). The performance of this LNA probe was first characterized and optimized *in vitro*. The mRNA and protein dynamics were monitored simultaneously with different concentrations of DNA plasmid in bulk CFE reactions. In order to monitor the dynamics of mRNA and protein synthesis in cell-sized droplets, a microfluidic device was used for the generation of cell-sized single-emulsion droplets. By encapsulating mammalian CFE reactions and an LNA probe, we investigated the mRNA and protein expression dynamics in cell-sized single-emulsion droplets. The LNA probe and HeLa-based CFE system, together with a single-emulsion droplet generation microfluidic device, provide an efficient and versatile platform for investigating and characterizing gene circuits in the context of artificial cells.

2. Materials and methods
========================

2.1 LNA probe design
--------------------

The LNA probe consists of alternating LNA/DNA monomers with a 21-base oligonucleotide. In order to design LNA probe to detect mRNA expression in CFE, the minimum free energy structure of the mRNA was computed using RNAFold web server. The target sequence can thus be selected and optimized by checking loop specificity. The LNA probe sequence is complementary to the loop region of the target mRNA structure. The binding affinity and specificity were optimized using mFold server and NCBI Basic Local Alignment Search Tool (BLAST) database. To acquire fluorescence detection, the LNA probe was labeled with a fluorophore (Texas Red) at the 5′ end. The quencher is a 10-base LNA/DNA oligonucleotide that is complementary to the 5′ end of LNA probe. The quencher strand was labeled with Iowa Black RQ on the 3′ end to quench the red fluorescence of the LNA probe. The LNA probe was synthesized by Exiqon Inc. The quencher sequence and corresponding target DNA sequences were synthesized by Integrated DNA Technologies Inc. (IDT).

2.2 Double-stranded LNA probe preparation
-----------------------------------------

The LNA probe and quencher were initially prepared in 1× Tris-ethylenediaminetetraacetic acid (EDTA) buffer (pH 8.0) at a concentration of 100 nM. The LNA probe and quencher were mixed and incubated at 95°C for 5 min in a pre-heated heat block and cooled down to 32°C over the course of 2 h. The fluorescent probe and quencher strand were prepared in a number of different ratios to optimize the signal-to-noise ratio. The quenching efficiency was evaluated by measuring fluorescence intensity using a fluorescence microplate reader (BioTek, Synergy 2). The optimized LNA probe/quencher mixer was then ready to be used for mRNA detection in CFE reactions.

2.3 Preparation of HeLa-based cell-free expression system
---------------------------------------------------------

HeLa-based CFE system includes HeLa lysate, truncated GADD34, T7 RNA polymerase, mix 1 and mix 2 solutions. The HeLa lysate was prepared from spinner-cultured HeLa S3 cells (ATCC Inc.). The detailed preparation steps can be found in a previously published work ([@ysy005-B19]). Briefly, HeLa S3 cells were cultured in suspension using minimal essential medium eagle medium (SMEM) with Joklik modification without calcium, at an initial concentration of 1--2 × 10^5^ cells/ml. Cells were harvested and lysed when the concentration reached 7--8 × 10^5^ cells/ml after 4-5 days of culture. The harvested HeLa lysate was aliquoted and stored at −80°C. GADD34 and T7 RNA polymerase were prepared with the stock concentration of 2.3 and 5 mM, respectively. Mix 1 is a buffer prepared with 27.6 mM Mg(OAc)~2~, 168 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (K-HEPES pH 7.5). Mix 2 is a solution which was prepared with the following reagents: 12.5 mM ATP, 8.36 mM GTP, 8.36 mM CTP, 8.36 mM UTP, 200 mM creatine phosphate, 7.8 mM K-HEPES (pH 7.5) and 0.6 mg/ml creatine kinase. The pT7-CFE-GFP plasmid was prepared by cloning GFP protein into pT7-CFE-CHis vector (Thermo Fisher Scientific). The inserted GFP sequence can be found in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

2.4 Sample preparation for CFE reactions
----------------------------------------

The HeLa-based CFE reactions were prepared by mixing the different components together. First, HeLa lysate, truncated GADD34, and mix 1 solution were mixed and incubated at 32°C for 10 min in a pre-heated water bath. The rest of the components including T7 RNA polymerase, mix 2 solution, plasmid DNA and LNA probe/quencher were mixed together. Details of sample preparation can be found in our previous work ([@ysy005-B20]). The samples were prepared in triplicate with a final volume of 10 µl per sample. All the fluorescence measurements were taken in 96 well clear v-bottom polypropylene microplates using a fluorescence microplate reader (BioTek, Syngery 2). The fluorescence intensity was measured at the excitation wavelengths of 485 and 590 nm and emission wavelengths of 525 and 617 nm at every 3 min interval for 4 h at 32°C.

2.5 Calibration of GFP standard curve
-------------------------------------

A set of GFP standards was produced by serial dilution of purified GFP in a solution containing 12.5 mM Tris-HCl, 150 mM NaCl and 50% glycerol (pH 7.5). A standard curve was produced by measuring the fluorescence of varying concentrations of GFP in a microplate reader at 32°C using excitation and emission wavelengths of 485 and 525 nm, respectively. The serial dilutions and fluorescence measurements were performed in triplicate, and the average fluorescence reading for each concentration was obtained. A linear regression through these average values was used to approximate absolute GFP concentrations in CFE experiments.

2.6 Computational model of transcription-translation dynamics
-------------------------------------------------------------

A computational model was developed to study the dynamics of mRNA and protein expressions. In this model, mRNA is synthesized at a rate of *k~tr~* and degraded at a rate of *d~tr~*. First, the mRNAs are translated into immature protein at a rate of *k~tl~* with a degradation rate of *d~tl~*. The immature protein then folds and forms mature functional protein at a rate of *k~mp~* and degrades at a rate of *d~mp~*. The kinetics of the synthesis process of mRNA and protein can be described by the following differential [equations (1--3)](#E1 E2 E3){ref-type="disp-formula"}. $$dm/dt = k_{tr}\left\lbrack D \right\rbrack - d_{tr}\left\lbrack m \right\rbrack$$$$dp/dt = k_{tl}\left\lbrack m \right\rbrack - k_{mp}\left\lbrack p \right\rbrack - d_{tl}\left\lbrack p \right\rbrack$$$$dp_{m}/dt = k_{mp}\left\lbrack p \right\rbrack - d_{mp}\left\lbrack p_{m} \right\rbrack$$

Here, *dm/dt*, *dp/dt* and *dp~m~/dt* are the rates of change of mRNA \[*m*\], immature protein \[*p*\] and mature protein \[*p~m~*\]. *k~tr~*, *k~tl~* and *k~mp~* are the first order transcription rate, translation rate and protein maturation rate, respectively. *d~tr~*, *d~tl~* and *d~mp~* are the mRNA, immature protein and mature protein first order degradation rates. Since there is no degradation observed in our CFE results, the degradation rates are set to zero (*d~tr~= d~tl~ = d~mp~ =0*) in this model. As indicated in [Equation (1)](#E1){ref-type="disp-formula"}, the mRNA level *\[m\]*, depends on the transcription rate. The protein level depends on the number of mRNAs and translation rate. The transcription rate and translation rate were determined based on the experimental data in bulk reactions. The mRNA and protein levels were first quantified by measuring fluorescence intensity relative to standard curves. The simulation curves were then fitted by adjusting the transcription rate *k~tr~* and translation rate *k~tl~*.

2.7 Microfluidic device fabrication
-----------------------------------

The microfluidic device for single-emulsion generation consisted of a polydimethylsiloxane (PDMS) microchannel layer with two inlets channels, one outlet channel and a bottom glass slide. The PDMS microfluidic channel layer was fabricated using soft lithography. The measured outer phase and inner phase channel dimensions are 80 µm wide, 64 µm high and 50 µm wide, 64 µm high, respectively. The PDMS was mixed at a 1:10 curing agent-to-elastomer base ratio and casted onto a positive mold made of patterned SU-8, and then cured at 80°C for 2 h. The PDMS layer was then bonded permanently to a microscope glass slide following oxygen plasma treatment.

2.8 Preparation of water-in-oil single-emulsion droplets
--------------------------------------------------------

Mineral oil with the surfactant Span 80 (2% v/v) was prepared in 1 ml syringe for outer phase solution. HeLa-based CFE solutions with DNA template and LNA probe/quencher were mixed together to make the inner phase solution. Two syringe pumps (New Era Pump Systems, NE-500) were utilized to pump oil and CFE solutions into the outer and inner phase channels of the microfluidic device for the formation of single emulsions. The flow rates were set to 500 and 300 µl/h, respectively. The generated single emulsions flowed through the collection channel and were then collected in a collection tube.

2.9 Imaging
-----------

The generated single-emulsion droplets were collected in a 1.5 ml microcentrifuge tube. Before imaging, the droplets were diluted in mineral oil at the ratio of 1:10. The diluted droplets with the volume of 30 µl were added to a self-made coverslip imaging chamber and sealed with VALAP (1:1:1 of vaseline, lanolin and paraffin). The fluorescence images of single-emulsion droplets were captured using an Olympus DSU-IX81 spinning disc confocal microscope equipped with an EMCCD camera (iXon X3, Andor). The images were acquired separately under the same exposure time of 500 ms for both channels (GFP and Texas Red) at 1, 3 and 5 h.

2.10 Statistical analysis
-------------------------

Data are presented as mean ± SEM. All the measurements were conducted in triplicate and repeated at least three times independently. Student's *t*-tests were performed to analyze statistical significance between experimental groups.

3. Results and discussions
==========================

3.1 Design of the LNA probe for dynamic mRNA monitoring
-------------------------------------------------------

In order to detect TX--TL dynamics, a novel platform was designed that consisted of a HeLa-based CFE system and a double-stranded LNA probe. As shown in [Figure 1A](#ysy005-F1){ref-type="fig"}, the HeLa-based CFE system is composed of HeLa lysate, purified truncated GADD34 and T7 RNA polymerase to enable single step TX--TL reactions. GADD34 dephosphorylates eukaryotic initiation factor 2a to promote translation reaction ([@ysy005-B36]). HeLa lysate was prepared from spin-cultured HeLa S3 cells. This HeLa-based CFE system has been optimized and demonstrated to express GFP and other proteins over many hours ([@ysy005-B20]), which provides an effective platform to test and optimize gene circuits. To achieve real-time monitoring of transcription dynamics, a double-stranded LNA probe was designed to monitor GFP transcription dynamics in HeLa-based CFE. This probe includes two strands of oligonucleotides, a detecting strand labeled with a fluorophore (Texas Red) and a quenching strand labeled with Iowa Black to quench the fluorescence signal in the absence of a target ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The LNA probe is a 21-base oligonucleotides sequence with alternating LNA/DNA monomers. The LNA nucleotides are modified DNA nucleotides with higher thermal stability and specificity. The probe was designed based on the specific target sequence. The detecting strand binds to the quenching strand spontaneously due to a high binding affinity ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The large difference in binding free energy between LNA probe to mRNA versus LNA probe to quencher means that once the LNA probe binds to the target mRNA, the binding is stable against rebinding of the quencher. In the presence of a target sequence, the LNA probe is thermodynamically displaced from the quenching strand and a fluorescence signal is observed ([Figure 1B](#ysy005-F1){ref-type="fig"}). Taken together, the HeLa-based CFE system and double-stranded LNA probe enable simultaneous monitoring of TX--TL dynamics by measuring fluorescence intensity over time. Single-emulsion droplets can be generated as a model of artificial cells by encapsulating the HeLa-based CFE system and the double-stranded LNA probe ([Figure 1C](#ysy005-F1){ref-type="fig"}). Thus, TX--TL dynamics in cell-sized droplets can be studied.

![Illustration of real-time detection of TX--TL dynamics using HeLa-based CFE system and double-stranded LNA probe. (**A**) Components of HeLa-based CFE system. (**B**) Working principle of double-stranded LNA probe for mRNA detection. (**C**) Illustration of monitoring TX--TL dynamics in cell-sized droplets.](ysy005f1){#ysy005-F1}

3.2 Characterization of double-stranded LNA probe
-------------------------------------------------

In order to optimize the double-stranded LNA probe for monitoring transcription activities in CFE system and in artificial cells, we first characterized the optimal quencher-to-fluorophore ratio. To minimize the background caused by free fluorophore during reactions, the optimal quencher-to-probe ratio was determined by adjusting the quencher concentrations. The fluorophore concentration was set to 100 nM, and the quencher concentrations were then adjusted such that the quencher-to-probe ratio ranged from 0.5 to 10. [Figure 2A](#ysy005-F2){ref-type="fig"} shows the fluorescence intensity levels measured at different quencher-to-probe ratios. The fluorescence intensity of fluorophore decreased as the quencher concentration increased. Quencher-to-probe ratios were set at 0.5, 1, 1.5, 2, 3, 4, 5 and 10, which resulted in quenching efficiencies of 41.8%, 81.5%, 95.7%, 96.4%, 97.2%, 97.3%, 98.1% and 98.3%, respectively. This result indicates that the intensity of the fluorophore was effectively quenched to a low level (about 3% of the maximum value) at a quencher-to-fluorophore ratio of 2:1. Further increases in the quencher concentration did not further reduce the fluorescence intensity significantly (up to a ratio of 10:1). This is consistent with previously reported theoretical equilibrium analysis and experimental results ([@ysy005-B37]). Thus, the quencher-to-probe ratio was set at 2:1 for all subsequent studies. The dynamic range of detectable target concentrations was estimated experimentally by varying the concentration of a single stranded DNA target oligonucleotide while holding the probe concentration at 100 nM ([Figure 2B](#ysy005-F2){ref-type="fig"}). The titration curve shows a sigmoid shape and exhibits a large dynamic range for quantifying the target concentration (from 2 to 1000 nM). This confirmed that a probe concentration of 100 nM provides a sufficiently large dynamic range, and this probe concentration was used in all subsequent experiments. Furthermore, the stability of the LNA probe was evaluated at different pH values, ranging from 6 to 10 ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}), and also over time for up to 400 min ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). These results indicate that the stability of double-stranded LNA probe is not affected at different pH values and that the probe remains stable over several hours. Moreover, we examined the background fluorescence intensity of the double-stranded LNA probe with each CFE component and observed some non-specific de-quenching of LNA probe in HeLa lysate ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}; an increase from 200 to 700 in relative fluorescence unit). This increase was a fraction (∼12%) of the specific fluorescence de-quenching when the target was present ([Figure 2B](#ysy005-F2){ref-type="fig"}, when the target concentration is 100 nM). The rest of the components (T7, GADD, Mix 1, Mix 2 and DNA) did not contribute to the background fluorescence intensity of the probe ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). As expected, none of the components contributed to the green fluorescence channel with or without the LNA probe ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). In order to rule out artifacts from the lysate, we added protein synthesis inhibitor cycloheximide (CHX) to the reactions ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). The synthesized GFP was significantly inhibited with CHX. In contrast, the mRNA production was slightly reduced by CHX, which is consistent with previously reported results ([@ysy005-B38]). We have also conducted experiments without added T7 RNA polymerase and acquired mRNA and protein fluorescence under identical conditions. There were no changes in both fluorescence channels over the entire time course (not shown). All these results indicate that the fluorescence of the probes and GFP were specific and not due to photophysics or other effects from the lysate. Since protein expression can be detected as early as 45 min (due to maturation of GFP) in HeLa-based CFE system, the TX--TL dynamics were monitored for 4 h in our study.

![Characterization of double-stranded LNA probe. (**A**) Calibration of the quencher-to-probe ratio measured on a fluorescence plate reader. (**B**) Detection dynamic range of the double-stranded LNA probe was determined using 100 nM probe and varying concentrations of target strand. Data are expressed as mean ± SEM. Experiments were repeated three times independently.](ysy005f2){#ysy005-F2}

3.3 Simultaneous detection of TX--TL dynamics in a HeLa-based CFE system
------------------------------------------------------------------------

To demonstrate the capability of the LNA probe for simultaneous detection of TX--TL dynamics, mRNA and protein expression levels in a HeLa-based CFE system were monitored on a fluorescence plate reader over 4 h sampling every 3 min. First, we confirmed that the LNA probe did not affect GFP expression dynamics (using pT7-CFE-GFP, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}) in HeLa-based CFE ([Supplementary Figure S4A and B](#sup1){ref-type="supplementary-material"}). The TX--TL dynamics were quantified by measuring fluorescence intensity with the excitation/emission wavelength of 590/617 nm (red channel) for the LNA probe and 485/525 nm for GFP (green channel), respectively. Without the LNA probe, there was no fluorescence signal detected in CFE when excited at 590 nm ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}), as expected. As shown in [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}, the fluorescence intensity of synthesized GFP was the same with and without the LNA probe, indicating that GFP expression dynamics in CFE was not affected by the presence of LNA probe. This suggests that the LNA probe does not hinder translation by sequestering mRNA. Next, we proceeded to investigate TX--TL dynamics using the LNA probe in conjunction with GFP fluorescence by monitoring HeLa-based CFE reactions in both the red channel and green channel. When LNA probe and DNA plasmid were added to the CFE, mRNA and protein were synthesized and can be readily measured and quantified. Three different conditions were tested: CFE alone as a negative control, CFE with LNA probe, CFE with LNA probe and DNA plasmid. The synthesized mRNA and protein concentrations were calculated according to calibration curves shown in [Figure 2B](#ysy005-F2){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}. The background fluorescence levels of CFE in both channels over time were minimal ([Supplementary Figure S6A and B](#sup1){ref-type="supplementary-material"}). In order to test whether HeLa lysate has an effect on template DNA (e.g. through DNAase activity), we pre-incubated HeLa lysate with pT7-CFE-GFP plasmid for 4 h and measured the synthesized GFP compared to a control without pre-incubation. After a 4-h incubation, the rest of the components, including T7 RNA polymerase, GADD34 and mix 1 and mix 2 solutions were added. There were no significant differences in synthesized GFP with and without pre-incubation ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}), which suggests that HeLa lysate does not have a significant influence on the stability of DNA template.

After 4 h of incubation of the complete reactions, the synthesized mRNA concentrations obtained were 20.2 nM, 50.7 nM, 109.2 nM and 159.5 nM at DNA concentrations of 1 nM, 2 nM, 3 nM and 5 nM, respectively. The synthesized protein concentrations obtained were 13.2 nM, 72.2 nM, 143.5 nM and 199.8 nM with the DNA concentrations of 1 nM, 2 nM, 3 nM and 5 nM, respectively ([Figure 3A and B](#ysy005-F3){ref-type="fig"}). While GFP mRNA was produced almost immediately and could be detected by LNA probe, GFP was not detected until almost 45 min (due to GFP maturation) after the reactions began. Thus, monitoring protein translation in our system is not in real-time. The monotonic increases of both mRNA and protein were non-linear with respect to both time and DNA concentration. These results can be contrasted with previous studies of mRNA and protein dynamics in *E. coli*-based CFE systems, in which the mRNA concentration reached a peak at 100 min and gradually decreased to a low level after 500 min while protein concentration continued to increase ([@ysy005-B39]). The precise origins of these differences are not immediately clear; however, the results highlight the need for more extensive characterization of mRNA and protein expression dynamics in mammalian CFE systems, which may not mirror those of bacterial systems. A computational model was developed that qualitatively captured the TX--TL dynamics ([Supplementary Figure S8A--C](#sup1){ref-type="supplementary-material"}). The mRNA and protein production rates were extrapolated from the experimental mRNA and protein expression dynamics ([Figure 3C and D](#ysy005-F3){ref-type="fig"}). The mRNA production rate was high at the beginning, peaked at ∼10--15 min, and decreased after 30 min of reaction. It should be noted that the transcription dynamics observed here may be specific to HeLa CFE systems utilizing T7 RNA polymerase, which increases transcription rate substantially relative to endogenous transcription machinery. A T7 system was used here because of the widespread adoption of T7 promoter in many CFE applications. Compared to the transcription rate, the protein production rate gradually increased during the same period and began to level off after 4 h ([Figure 3D](#ysy005-F3){ref-type="fig"}). These results indicated that in eukaryotic CFE, TX--TL are separated in time and follow different dynamics.

![Simultaneous monitoring of mRNA and protein synthesis dynamics in HeLa-based CFE. (**A**) mRNA synthesis dynamics at different plasmid DNA concentrations. (**B**) Protein synthesis dynamics at different plasmid DNA concentrations. (**C**) mRNA production rate in CFE at different DNA concentrations calculated from (A). (**D**) Protein production rate in CFE at different DNA concentrations calculated from (B). The concentration of LNA probe was 100 nM for all the experiments and reaction conditions are described in Section 2. Experiments were repeated three times independently. Data are expressed as mean ± SEM.](ysy005f3){#ysy005-F3}

3.4 Monitoring TX--TL in single-emulsion droplets
-------------------------------------------------

In order to visualize TX--TL dynamics in cell-sized single-emulsion droplets, a microfluidic device was designed and fabricated for the encapsulation of HeLa-based CFE and LNA probe. Microfluidic techniques have been widely developed and applied to different fields including single-cell analysis, cancer metastasis and angiogenesis over the last two decades ([@ysy005-B40]). However, microfluidic encapsulation of bacterial or mammalian CFE systems has only been studied in recent years. The microfluidic platform offers an efficient approach for high encapsulation rate with controllable compartment sizes ([@ysy005-B44]). In our study, LNA probe in conjunction with a fluorescent reporter protein, and HeLa-based CFE were encapsulated in single-emulsion droplets using a microfluidic device. The microfluidic device was fabricated using conventional soft lithography technique and consisted of two inlet channels, one aqueous channel for CFE and LNA probe, and one oil/surfactant channel. The single emulsions were formed by shearing aqueous solution into a second immiscible solution of mineral oil (in the presence of surfactant Span 80) to generate water-in-oil droplets. The dimensions for the inner phase and outer phase channels were 50 µm in width × 64 µm in height and 80 µm in width × 64 µm in height, respectively ([Figure 4A](#ysy005-F4){ref-type="fig"}). The generated single-emulsion droplets were collected in a collection channel. Different sizes of single-emulsion droplets ranging from 10 to 200 µm can be generated by adjusting the inner phase and outer phase flow rates. The formed single-emulsion droplets were quite stable and could be easily imaged for up to 24 h. The microfluidic device is robust, easy to implement and could be used repeatedly. All the single-emulsion experiments were conducted using the same microfluidic device to acquire consistent results. Water-in-oil droplets provide an effective method to efficiently reduce sample volume to picolitre or femtolitre range, compared to the bulk reaction volume of microliters. By encapsulating HeLa-based CFE in picoliter-sized droplets, the TX--TL dynamics were visualized and monitored in the cell-sized droplets.

![Simultaneous detection of mRNA and protein expression in single-emulsion droplets. (**A**) Generation of water-in-oil single-emulsion droplets using a microfluidic device. The width of inner phase and outer phase channel were 50 and 80 µm, respectively. The formed water-in-oil droplets were stored in the collection channel and collected later by pumping the fluid out. (**B**) Differential interference contrast (DIC) and fluorescence images of a single-emulsion droplet; green color indicates protein expression, and red color indicates mRNA expression. The merged channel shows both mRNA and protein expression in a single-emulsion droplet. The images were acquired after 5 h of incubation at 32°C. Scale bar: 10 µm.](ysy005f4){#ysy005-F4}

Before monitoring mRNA and protein expression dynamics over time in single-emulsion droplets, we performed a set of experiments in which droplets were imaged at a single time point (5 h) to confirm the suitability of the LNA probe to visualize mRNA concentration. First, we investigated protein expression without the LNA probe in single-emulsion droplets. Without the LNA probe, GFP can be detected in the green fluorescence channel in a single-emulsion droplet, but corresponding GFP mRNA cannot be detected in the red fluorescence channel, as shown in the top row of [Figure 4B](#ysy005-F4){ref-type="fig"}. By encapsulating LNA probe together with HeLa-based CFE, the mRNA and protein can be simultaneously detected, as shown in the bottom row of [Figure 4B](#ysy005-F4){ref-type="fig"}. To demonstrate the specificity of the LNA probe for mRNA detection, the LNA probe and CFE solutions without DNA plasmid were encapsulated to form single-emulsion droplets and imaged in both fluorescence channels. The results showed that there was no green fluorescence detected, as expected, and that the LNA probe had a very low background signal ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}).

We next followed mRNA and protein expression dynamics in single-emulsion droplets by encapsulating HeLa-based CFE, DNA plasmid and LNA probe. Fluorescence images of a single-emulsion droplet acquired after 1, 3 and 5 h of incubation allowed for visualization and relative quantification of mRNA and protein expression dynamics over time ([Figure 5A](#ysy005-F5){ref-type="fig"}). Interestingly, the mRNA level was the highest at the 1-h time point whereas the protein level continued to increase with time. We confirmed this observation by quantifying relative fluorescence intensities corresponding to mRNA and protein levels for multiple droplets of similar sizes (∼30 µm) after 1, 3 and 5 h ([Figure 5B](#ysy005-F5){ref-type="fig"}). Thus, there was an inverse relationship between mRNA and protein levels at these time points, in contrast to a continuous increase of both mRNA and protein during this time points in bulk reactions. This suggests that mRNA and protein expression follow different dynamics in cell-sized droplets compared to bulk reactions. It has been reported that transcription rate is enhanced in membrane-free protocells ([@ysy005-B47]), and protein expression is accelerated in cell-sized confinement in microspheres ([@ysy005-B48]). A difference in bulk versus confined CFE reactions perhaps can be attributed to potential resource limitations due to confinement that has been described for bulk reaction ([@ysy005-B39]) but certainly would play a bigger role with a smaller volume. Meanwhile, Huck and colleagues have shown that crowded environments lead to heterogeneous microenvironments of mRNA expression in picoliter droplets ([@ysy005-B45]). In our experiments, we also observed heterogeneity of mRNA and protein expression in different sized droplets (data not shown). Stochasticity in gene expression of two fluorescence proteins in different sized artificial cells has been investigated and reported ([@ysy005-B49]). However, mRNA levels were not tracked in these experiments. An interesting future direction would be to study gene and protein expression noises in droplets of different sizes as our system is amenable for such investigation given the ability to carry out sequence-dependent detection of different mRNAs.

![Investigation of mRNA and protein expression dynamics in single-emulsion droplets. (**A**) Simultaneous detection of mRNA and protein expression at different time points in single-emulsion droplets. HeLa-based CFE, DNA plasmid and LNA probe were encapsulated in the droplets. Fluorescence images were acquired at 1, 3 and 5 h of incubation at 32°C. All the images were acquired from the same droplet for comparison. Images were representative images from three independent experiments. Scale bar: 25 µm. (**B**) Mean fluorescence intensity of mRNA and protein expression in single-emulsion droplets at different time points. Experiments were repeated three time independently. Ten droplets of the same size were quantified for each experiment. Data are expressed as mean ± SEM.](ysy005f5){#ysy005-F5}

In summary, we studied the TX--TL dynamics in HeLa-based CFE in bulk and cell-sized droplets. Our experimental results indicated that this LNA probe is effective in detecting real-time mRNA dynamics with high dynamic range, low background fluorescence, high stability over time and absence of effect on GFP translation. We also characterized the mRNA and protein expression dynamics in CFE and found that TX--TL have distinct dynamics in bulk and in cell-sized droplets. These results show that this LNA probe is an effective tool for studying temporal mRNA dynamics in bulk and in cell-sized droplets, with applications in many areas such as rapid prototyping of mammalian genetic circuits and optimizing the cell-free production of biologics. The effectiveness of this system in cell-sized confinement may also prove useful in understanding and optimizing the dynamics of TX--TL in artificial cells.

SUPPLEMENTARY DATA
==================

[Supplementary Data](#sup1){ref-type="supplementary-material"} are available at SYNBIO Online.

Supplementary Material
======================

###### 

Click here for additional data file.

The authors would like to thank Kenneth Ho and Lap Man Lee for the design and fabrication of the microfluidic device for single-emulsion droplet generation.

Funding
=======

The National Science Foundation (NSF) MCB-1612917 and the National Institutes of Health (NIH) Director's New Innovator Award DP2 HL117748-01 to A.P.L.

*Conflict of interest statement*. None declared.
